Abstract: Electromagnetic spectra reduce melatonin production and delay the nadirs of rectal temperature and heart rate. Seven healthy men (16-22 yrs) completed 4 permuted sessions. The control session consisted of a 24-hours bedrest at < 30 lux, 18°C, and < 50 dBA. In the experimental sessions, either light (1 500 lux), magnetic field (16.7 Hz, 0.2 mT), or infrared radiation (65°C) was applied from 5 pm to 1 am. Salivary melatonin level was determined hourly, rectal temperature and heart rate were continuously recorded. Melatonin synthesis was completely suppressed by light but resumed thereafter. The nadirs of rectal temperature and heart rate were delayed. The magnetic field had no effect. Infrared radiation elevated rectal temperature and heart rate. Only bright light affected the circadian rhythms of melatonin synthesis, rectal temperature, and heart rate, however, differently thus causing a dissociation, which might enhance the adverse effects of shiftwork in the long run.
Introduction and Objectives
The synthesis of melatonin, the main secretory product of the pineal gland, is known to follow an endogenous circadian rhythm that is controlled by the central circadian pacemaker in the suprachiasmatic nuclei (SCN) of the anterior hypothalamic area and entrained by the light-dark cycle to a 24-hours rhythm. The information about light is transmitted from the retina to the pacemaker and then via several neurons to the pineal gland, there inhibiting melatonin synthesis, which is therefore significantly elevated only during dark. Melatonin in turn possibly mediates the entrainment of the diurnal alterations of physiological functions (core body temperature, heart rate etc) by acting on the SCN which contain high amounts of melatonin receptors 1) : The Mel1a melatonin receptor gene is expressed in human suprachiasmatic nuclei.
Apart from natural light, melatonin production is reliably suppressed by artificial light where the extent of the effects depends on intensity, wavelength, duration, and timing 2) . The period of the usual onset and rise of nocturnally elevated melatonin synthesis seems to be particularly sensitive not only to light but also to the impact of magnetic fields 3, 4) . Similar, but far smaller effects were evoked in animal experiments by other parts of the electromagnetic spectrum 5) , namely by UV-A radiation 6) and extremely low-frequency magnetic fields 7) . These latter effects are debated for human beings 5) . A few studies executed so far revealed inconsistent and even contradictory results [8] [9] [10] [11] . The effects of infrared radiation were not yet studied in human beings.
The present paper concerns the hypothesis that different parts of the electromagnetic spectrum, i.e. a) moderate bright light, b) a very strong magnetic field, and c) infrared radiation suppress (at least partially) melatonin synthesis. As exposure is ceased before the usual termination of melatonin production 12, 13) suppression is followed by a rebound. This delayed and excessive though shortened melatonin synthesis might be the earliest indicator of an effect on the circadian rhythm. These exposures are wide spread and concern e.g. electricians and railway workers (extremely low frequency magnetic fields), precision engineers (bright light) and steel workers (longwave radiation) and the effects studied here are expected during nightshifts. As melatonin concentrations are closely and inversely coupled with core temperature and thereby with heart rate, corresponding though small effects on both the latter variables were expected 14, 15) .
Material and Methods

Participants
The study was approved by the local Ethics Committee. Eight healthy young men were selected using a questionnaire on health, particularly on symptoms and diseases concerning the central nervous system. They were informed about the goal and the procedure of the study and gave their written consent. A participant withdrew just before his second session. The data of the remaining 7 men are listed in Table 1 .
Experimental design
Each subject participated at weekly intervals in 4 systematically permuted 24-h sessions, a control session, which was performed as a 'constant routine' (see Experimental procedure), and 3 experimental sessions which differed from that protocol during an 8-h period, where a physical stress was applied from 5 pm to 1 am, i.e. bright light (1 500 lux), a continuous magnetic field (16.7 Hz as emitted by railways, 0.2 mT), or infrared radiation (1.5-6.5 µm, 65°C) as shown in Table 2 . All experiments were performed during summer time (May-July). The clock-time was converted into Central European Time (CET, actual summer time was 1 hour later).
Technical equipment
The experiments were performed in 3 rooms, which were particularly designed and equipped for the respective purpose. The control session and exposure to the magnetic field were performed in the same room. So, presupposing that the participants are unable to perceive the field consciously, they were blind concerning the date and the time of field exposure. This was of course impossible for infrared radiation and exposure to light, to which the participants became aware at their onsets.
Bright light (BL): Exposure to bright light was performed in a chamber where the entire ceiling was covered with fluorescent separately controlled tubes that provided a white light (OSRAM L58W/12, Lumilux de Luxe, daylight, 12-950). Flickering was avoided by a special device (Professional QTP 2*58/230-240).
Magnetic field (MF): Two Helmholtz-coils with a diameter of 1.80 m each, were located with a distance of 92 cm to both sides of the bed which contained no metals. The hum from the coils was not audible. Homogenity of the horizontally oriented field was assessed with measurements at 14 grid points in up-down direction and 12 points each in back-front and in left-right direction. The results revealed a minor decrease of the intensity at the margins of the field (up-down (mean/sd): 0.171/0.030 mT; back-front: 0.177/ 0.022 mT; left-right: 0.217/0.011 mT). The coils were not energized during the control session. As humans need much higher illumination levels than animals for melatonin suppression, the same might be true for magnetic fields. Thus, the flux density was set to a level that occurs only occasionally at the workplaces of engine drivers.
Infrared radiation (IR): Exposure to infrared radiation took place in a climatic chamber that has the same specifications as the 'bright light chamber', where radiation temperature (t r ), air temperature (t a ), humidity (RH) and air velocity (v a ), can be varied in large ranges and precisely adjusted (t a : ± 0.1°C, RH: ± 0.5%, v a : ± 0.01 m/s).
Experimental procedure
Prior to each session the participants assessed their actual health state and stated whether they had consumed alcohol or drugs. Based on the answers none of the experiments was postponed. After the application of the thermistors for rectal temperature and the electrodes for the electrocardiogram the participants went to bed. The subjects did not receive instructions concerning a strict time schedule prior to the sessions.
The control sessions were performed as 'constant routines', which consisted of a strict bedrest for 24 hours (from 11 am to 11 am) while the environmental conditions were strictly controlled; air temperature was 18°C, illumination < 30 lux and sound pressure level < 50 dBA. The participants were not allowed to sit or to leave the bed except for the lavatory. After saliva sampling they received snacks (200-400 kJ) and water or herb tea ad libitum. The remains were removed half an hour later to avoid effects on the next sampling. So, the experimenters entered the test rooms every 30 minutes. Apart from the physical stress from 5 pm to 1 am the procedure was the same during exposure sessions.
The participants were advised to read between 5 pm and 1 am in each session. At any other time they could read or close their eyes. Apart from hourly saliva sampling, they were not prevented from sleep. They were observed by means of a video camera and could communicate with the experimenter via an intercom system at any time.
Melatonin concentration: Saliva samples were collected at hourly intervals using the Salivette™ (Sarstedt, Nuembrecht, FRG), a cotton wool swab which was moved within the mouth until soaked with saliva. The swabs were immediately thereafter centrifuged and the saliva was then stored at -20°C until assayed. Melatonin concentrations were determined by means of a commercial competitive radioimmunoassay (RIA, IBL, Hamburg, FRG) with 125 I-labelled melatonin which is registered with γ-counting and finally analyzed with a standard curve. The limit of detection is about 0.8 pg/ml saliva. Most samples were analyzed in duplicate. The within and between variability was 11.5% and 2.6% as compared to a reference value of 11.1 pg/ml.
Rectal temperature and heart rate
Rectal temperature was measured continuously with thermistors (YSI 401 Yellow Springs), 10 cm beyond the sphincter; heart rate was calculated from the continuously recorded ECG (the leads were not disturbed by the magnetic field) and both variables were averaged and stored each consecutive minute.
Statistics
The temporal parameters of melatonin synthesis (onset, acrophase, offset), of rectal temperature and heart rate (acrophase, nadir) were derived from fitted curves. Two models were applied to the courses of melatonin synthesis. The model proposed by Brown et al. 16) was used to estimate the individual onset and offset. The acrophase was estimated from the model provided by Lerchl and Partsch 17) . The correlation between observed and predicted melatonin levels was sufficiently high and R-square was below 0.8 in only 1 case and in 86% above 0.9.
The analysis of rectal temperature and heart rate rhythms was based on the harmonic-regression-plus-correlated-noise model proposed by Brown and Czeisler 18) , which was adjusted insofar as the periodic signal was described by a 3 harmonicregression model and the correlated-noise in the data was assumed to be a first-order autoregressive process. The model parameters were estimated by a maximum likelihood procedure. The fitted curves correlated very well with the recorded data. The coefficient (R-square) was always > 0.9.
As rectal temperature declined initially (due to physical inactivity) in all test persons, values for the first 2 hours were excluded from the overall assessment. The remaining data were then averaged over every consecutive 10-min interval. For the parameter estimation in the harmonicregression model the circadian period was assumed to be constant at 24 hours and the nadirs were computed numerically by a Newton-Raphson algorithm.
The differences between the control situation and the exposure sessions and the corresponding p-values were calculated with the Wilcoxon test (2-tailed).
Results
The courses of melatonin levels and of rectal temperature
Figures 1 to 3 present salivary melatonin levels, rectal temperature, and heart rate as averaged over the fitted curves, separately for the 4 conditions. The differences between the control situation and the exposure sessions and the corresponding p-values are listed in Table 3 for onsets, acrophases, and offsets of melatonin synthesis, for the nadirs of rectal temperature and heart rate and their delays to melatonin acrophase. Bright light: Melatonin synthesis was completely suppressed during light exposure in each participant but immediately resumed upon return to dim light and increased then steeply to slightly higher maxima than during the control condition. Despite the significant delays of onsets and acrophases (2h53', p=0.016; 2h04', p=0.031), melatonin production ceased at almost the same time as during the control, thus reducing significantly the duration (1h44', p=0.031) and thereby total production of melatonin (as indicated by the area under the curve, 24 pg ml -1 hrs -1 , p=0.047).
The decrease of rectal temperature was delayed and the nadir occurred 1h38' later than during the control (p=0.026). The nadir of heart rate was delayed by 1h12' (p=0.031).
Magnetic field: Though the averaged melatonin curve indicates a slightly reduced amplitude, the magnetic field had no effects, neither on the temporal nor on the quantitative parameters of salivary melatonin, rectal temperature, and heart rate.
Infrared radiation: None of the melatonin parameters were significantly different from the control condition. Both rectal temperature and heart rate increased significantly during exposure to infrared radiation and the amplidudes were significantly higher than during control, i.e. by 0.10°C (p=0.026) and 3.7 beats per minute (p=0.016), respectively. The nadirs were delayed by 49 min and 40 min, respectively (p=0.053, p=0.031). The temporal distance of the nadirs to melatonin acrophase increased significantly for rectal temperature by 1h33' (p=0.016) and the increased delay for heart rate reached borderline significance (1h07', p=0.078).
Discussion
Methodological aspects
Salivary melatonin levels: Melatonin synthesis was indicated by hourly determined salivary concentrations. This is justified by the high correlation with plasma levels as reported e.g. by Deacon and Arendt 19) , and Kennaway and Voultsios 20) and is advantageous as blood sampling is less acceptable for many persons.
Experimental protocol: The monitoring of melatonin and of rectal temperature determined the experimental protocol. Concerning the highly reproducible individual diurnal pattern of melatonin synthesis on the one hand and the large interindividual differences on the other hand 21, 22) , within-subject comparisons between control conditions and exposure sessions are deemed mandatory.
Core body temperature and heart rate are easily affected by many influences and the constant routine protocol was developed to minimize possible masking effects 23) . This protocol was considered as appropriate not only for the control session but also for the detection of even small effects as expected e.g. by magnetic fields. As sleep does not affect melatonin synthesis 24) the participants were not prevented from sleep and a possible effect on rectal temperature is considered to be minimal as the experimenters entered the rooms at least every 30 minutes (see Materials and Methods), thus allowing only short sleep periods.
Influences on melatonin synthesis: Melatonin levels are almost inert against environmental and behavioral influences but affected by posture where plasma and salivary levels decrease in the supine and raise in the erect posture 19) . As constant levels are reached after about 20 minutes, the participants remained supine throughout the 24 hours period and left the bed only for the lavatory soon after saliva sampling.
Physical stress
Bright light: An exactly equal illumination for each participant requires rigorous experimental procedures as e.g. applied by Brainard et al.
2) who dilated the pupils and used an ophthalmological head holder to direct the gaze towards the light source. This is unacceptable for long-term exposures and the participants of the present study were allowed to turn their heads which caused illumination levels that varied from 1 500 to 2 500 lux for the gaze directed towards the walls and the light source, respectively. This rather low illumination suppressed melatonin synthesis nevertheless completely in any of the 7 subjects. This is explained by the fact that the period between the onset and the acrophase of melatonin synthesis is particularly sensitive against melatonin suppressive stress 3, 4) . Exposure in the present study was terminated well before the (usual) offset of melatonin synthesis, thus allowing rebound effects, which are differently understood in the literature. Here, this term is defined as any post-exposure excession (i.e. a shift) as compared to the corresponding time during the control session.
Melatonin synthesis was immediately resumed after return to dim light (Fig. 1 ) and the significantly delayed acrophase indicates a true rebound. This is supported by Beck-Friis 12) who determined rebounds in 3 persons whom they exposed to bright light in the early night (2 500 lux, 10 pm-11 pm) and by Horne et al. 13) who reported that urinary excretion of 6-hydroxymelatonin sulfate (6-OHMS) decreased during nocturnal exposure to bright light and increased thereafter. As indicated by the shift of the melatonin acrophase and of the nadirs of rectal temperature and heart rate as well as by their stable relation to each other, it is justified to assume a shift of the circadian system. The latter is usually verified with a post-treatment constant routine (e.g. after night shifts). It is, however, conceivable, that the immediate light-induced delay of melatonin acrophase predicts the consecutive shift of the circadian phase.
The delay of melatonin production was almost twice or thrice as long as the delays of the nadirs of rectal temperature and heart rate, respectively, thus indicating an internal dissociation of physiological rhythms. Internal dissociations occur typically during shiftwork and it might be speculated whether bright light enhances this effect and consequently accelerates the development of medical symptoms which are expected in the long run in shiftworkers.
Magnetic fields: None of the parameters derived from the 3 physiological variables revealed alterations that can be related to the impact of the continuously applied magnetic field. This is in accordance with the studies of Åkerstedt et al. 25) and Selmaoui et al. 10) whose subjects slept under the influence of a continuous though much weaker magnetic field (50 Hz, 1 µT and 10 µT, respectively). As the organism usually reacts more to changes than to even stress, Graham et al. 8, 9) and Wood et al. 4) exposed their subjects to an intermittent magnetic field with on-/off-periods of 15 seconds. Graham et al. 8, 9) reported a reduction of melatonin (60 Hz, 20 µT) in persons with habitually low melatonin production but could not replicate that effect in a follow-up study. Wood et al. 4) observed reduced melatonin levels only when the magnetic field (50 Hz, 20 µT) was administered during the onset and rise of melatonin synthesis. This was not verified in the present study where exposure was accordingly set and where the field strength was 10-fold higher. But this does not exclude such an effect in case of an intermittent presentation.
In contrast to laboratory studies, field observations revealed almost consistently a reduction of urinary 6-OHMS excretion. Pfluger and Minder 26) observed this in railway workers who are usually exposed to 16.7-Hz magnetic fields (of an average of 20 µT) and Burch et al. 27) in electric utility workers. Similar results were obtained by Wilson et al. 11) whose subjects slept under electrically heated blankets and Karasek et al. 28) who treated 12 men with strong magnetic fields (workdaily repeated 20-minutes exposures to a 40-Hz field of 2.9 mT over 3 weeks).
Thus, it can be assumed that magnetic fields affect melatonin synthesis only after repeated exposures. This then explains the absence of any effect in the present as well as in other laboratory studies. The only study which took that in account was performed by Graham et al. 29) who exposed 30 healthy young men during 4 consecutive nights to intermittent magnetic fields of 28.3 µT. They determined a slight instability of excreted 6-OHMS over time which might indicate a possible cumulative effect.
Infrared radiation: Infrared radiation did not affect melatonin synthesis but did influence rectal temperature and heart rate. The maxima and the amplitudes of both these variables increased considerably as compared to the control situation (Figs. 2, 3, Table 3, p=0.026, p=0.016) .
The effect of melatonin on rectal temperature and the link of the latter with heart rate was repeatedly studied and verified 20) . The rise and decay of melatonin production is followed by an inversely shaped course of rectal temperature 14) . Suppression of melatonin results in an elevation and oral administration of melatonin in a reduction of rectal temperatures 15, 30) . A counter regulation seemed therefore possible, i.e. that melatonin production increases in response to the elevated temperature. This is, however, not supported by the present data.
Infrared radiation did not affect the temporal parameters of melatonin synthesis, whereas the nadirs of rectal temperature and of heart rate were significantly delayed. The increased distance between the nadirs and the acrophase of melatonin (temperature p=0.016, heart rate p=0.078) indicate an internal dissociation rather than a shift of the circadian system and thereby a pure thermophysiological response.
Conclusion
If applied during the time period where melatonin levels usually rise, even moderate bright light caused a delay of melatonin synthesis. The shorter delays of the nadirs of rectal temperature and heart rate indicate an internal dissociation, which might enhance the dissociation that anyway occur during shiftwork and accelerate the adverse effects on health. Apart from bright light, the other stressors are unlikely to affect the circadian rhythm. Infrared radiation caused pure thermophysiological effects (elevated rectal temperature and heart rate). Concerning extremely lowfrequency magnetic fields there are no acute effects but it is assumed that the organism is prone to cumulative effects that become evident only after repeated exposures. To answer this question requires the execution of accordingly designed studies.
